We compared the efficacies of quinupristin-dalfopristin (Q-D; 30 mg/kg of body weight every 8 h) and vancomycin (60 mg/kg twice daily), alone or in combination with rifampin (10 mg/kg twice daily), in a rabbit model of methicillin-resistant Staphylococcus aureus knee prosthesis infection. In contrast to vancomycin, Q-D significantly reduced the mean log 10 CFU per gram of bone versus that for the controls. The combination of rifampin with either Q-D or vancomycin was significantly more effective than monotherapy.
Infection with methicillin-resistant staphylococci is becoming more frequent among those with implanted orthopedic devices (16) , and these organisms are often resistant to many commonly used antibiotics. Glycopeptide antibiotics are usually used as first-line therapy for prosthesis infections. However, effective alternative regimens are urgently needed because the efficacies of these compounds may not be optimal (20, 28) and glycopeptide-intermediate Staphylococcus aureus and S. epidermidis strains are emerging, probably as a consequence of the overuse or the inappropriate use of glycopeptide antibiotics (23, 26) .
Quinupristin-dalfopristin (Q-D) has been shown to be as effective as vancomycin against erythromycin-susceptible methicillin-resistant S. aureus (MRSA) strains in an experimental model of endocarditis (9, 10) and was recently shown to be highly active against staphylococci growing in biofilms in vitro, while glycopeptides showed only poor activity (13) .
In the present study, we compared the efficacies of Q-D and vancomycin, alone and in combination with rifampin, using a rabbit model of experimental MRSA knee prosthesis infection that closely mimics MRSA infections in humans (2) .
(This work was presented in part at the 40th Interscience Conference on Antimicrobial Agents and Chemotherapy, Toronto An erythromycin-susceptible MRSA strain, HM 1054, was used in this study. The MICs were determined by the broth macrodilution method (19) . Time-kill experiments were performed in brain heart infusion (BHI) broth containing Q-D (2.5 g/ml) or vancomycin (5 g/ml), either alone or in combination with rifampin (0.325 g/ml), and an initial inoculum of 10 6 CFU of HM 1054 per ml. After 0, 3, 6, and 24 h of incubation, 0.1-ml samples were subcultured on BHI agar for determination of the numbers of CFU. The model of knee prosthesis infection has previously been described in detail (2) . Briefly, a partial knee replacement with a tibial component (Silastic great toe implant HP; Swanson Design; Dow-Corning France, S.A.) was performed on the right knees of the rabbits by an orthopedic surgeon. Immediately after surgery, the animals were inoculated with 5 ϫ . Each regimen was administered for 7 days. The animals were killed 3 days after the end of therapy (day 14) to allow bacterial regrowth following the end of therapy but to avoid the persistence of residual antibiotic in the bone. Untreated control rabbits were also killed on day 14. For quantitative bacterial counts, the upper third of the tibia (length, 3 cm), including compact bone and marrow, was collected, frozen in liquid nitrogen, and crushed in an automatic pulverizer (Spex 6700; Freezer/Mill Industries Inc., Metechen, N.J.). The pulverized bone was suspended in 10 ml of sterile saline, and serial dilutions were made and plated on Trypticase soy agar. After overnight incubation at 37°C, the number of viable organisms was determined. The results are expressed as the mean Ϯ standard deviation (SD) log 10 CFU per gram of bone.
Portions (0.1 ml) of each undiluted bone homogenate were also plated on BHI agar containing each antibiotic at two and four time the MIC in order to detect mutant bacteria showing antibiotic resistance after 48 h of incubation.
Plasma antibiotic levels were determined in uninfected rabbits. Plasma Q-D concentrations were assayed microbiologically. The limits of quantification were 0.10 and 0.25 g/ml for quinupristin and dalfopristin, respectively, and the coefficients of variation of the assay were 4.4 and 2.5% for quinupristin and dalfopristin, respectively. Vancomycin concentrations were determined by fluorescence polarization immunoassay (TDX; Abbott, Rungis, France), and the lower limit of detection was 0.6 g/ml. Plasma rifampin concentrations were determined by high-performance liquid chromatography coupled with UV detection, and the lower limit of detection was 0.1 g/ml.
Bacterial densities in bone were compared between the experimental groups by analysis of variance, followed by Scheffe's test for multiple comparisons. The results are expressed as means Ϯ SDs. A P value of Ͻ0.05 was considered significant.
The MICs of Q-D, vancomycin, and rifampin were 0.5, 1, and 0.06 g/ml, respectively. The in vitro killing curves for the drugs at five times their MICs (Fig. 1) showed that Q-D had greater bactericidal activity than vancomycin. Rifampin was highly active during the first 6 h but then lost activity, presumably due to the emergence of resistant mutants. However, the use of rifampin with Q-D or vancomycin increased the killing rates of both Q-D and vancomycin by approximately 2 log 10 CFU at 6 h in each case, and this increase was sustained for the full 24 h of incubation.
All control animals were infected with HM 1054 and exhibited positive prosthesis smear cultures and a mean bacterial count of 6.3 Ϯ 0.6 log 10 CFU/g of bone (Table 1) . Only 1 of 12 animals in the Q-D-treated group had sterile bone; however, the mean bone bacterial density was significantly reduced compared with that for the control animals (P Ͻ 0.01). None of the animals in the vancomycin-treated group had sterile bone, and the bacterial count in bone was not significantly different from that in control animals (P ϭ 0.175). The mean bacterial counts were not significantly different between the Q-D-and vancomycin-treated animals.
The combination of Q-D plus rifampin or the combination of vancomycin plus rifampin was significantly more effective than monotherapy. In the group treated with vancomycin plus rifampin, 5 of 11 animals had sterile bone, and in the group treated with Q-D plus rifampin, 10 of 10 animals had sterile bone. For both groups, the mean bacterial counts were significantly lower than those for the untreated controls and the groups treated with either agent alone ( Table 1) . Mutant bacteria resistant to rifampin were detected in 5 of 11 animals treated with vancomycin plus rifampin but in 0 of 10 animals treated with Q-D plus rifampin. No Q-D-resistant strain emerged in any of the animals treated with this agent.
Plasma antibiotic levels are shown in Table 2 . Bacterial infection associated with prosthetic joints is a relatively rare but severe complication that occurs in up to 2.5% of knee arthroplasty procedures (3, 12, 29) . The experimental model used in the present study reproduces a prosthetic knee infection similar to that observed in humans and is suitable for the comparative evaluation of antibiotic therapies (2, 6, 25) . S. aureus and S. epidermidis are the major pathogens that cause postoperative prosthetic joint infections (3, 15, 21) , and an increasing proportion of isolates of these pathogens are resistant to methicillin and other antibiotics (7, 11, 17, 24) , including those commonly used for the treatment of bone infections, such as the fluoroquinolones (14) . The glycopeptides, including teicoplanin and vancomycin, have been the only agents that have consistently been shown to have in vitro activity against these multidrug-resistant staphylococci. However, these agents were poorly effective in a rabbit model of S. aureus osteomyelitis (22) , despite their good penetration into bone and their low MICs, as determined under conventional aerobic conditions. Similarly, using a tissue-cage model of S. aureus foreignbody infection, Zimmerli et al. (31) obtained only very low cure rates with glycopeptide monotherapy. In the present study, vancomycin monotherapy failed to sterilize bone in any animal and did not significantly reduce the mean bacterial count in bone. Q-D monotherapy sterilized only 1 of 12 animals but did produce a significant reduction in the mean bacterial count. By contrast, the combination of rifampin plus Q-D led to bone and prosthesis sterilization in all (10 of 10) animals tested. One limitation of this result could be the persistence of residual (27) . The efficacy of rifampin as monotherapy for an active infection is limited by the emergence of resistant mutants, especially during long-term therapy (18) . The emergence of rifampin resistance during combination therapy with rifampin and vancomycin has been reported clinically (4, 8) and was observed in 5 of 11 animals treated with rifampin plus vancomycin in the present study. By contrast, resistance to rifampin did not emerge in any of the 10 animals treated with rifampin plus Q-D. The MRSA strain used in the present study (strain HM 1054) was susceptible to rifampin and erythromycin. As shown in experimental endocarditis (30) , the in vivo synergistic and bactericidal activities of rifampin plus Q-D are related to the absence of resistance to quinupristin. In a recent study of 4,644 S. aureus strains isolated from a single hospital in France between 1993 and 1996, approximately 25% were resistant to rifampin (MICs, Ն8 g/ml) (1), and more than 50% of MRSA isolates are resistant to quinupristin.
The present results suggest that combination therapy with Q-D and rifampin is more effective than conventional therapy for experimental quinupristin-and rifampin-susceptible MRSA prosthetic joint infection.
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